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Abstract: Drosophila suzukii populations remain low in the UK. To date, there have been no reports
of widespread damage. Previous research demonstrated that various species of entomopathogenic
fungi and nematodes could potentially suppress D. suzukii population development under laboratory
trials. However, none of the given species was concluded to be specifically efficient in suppressing
D. suzukii. Therefore, there is a need to screen further species to determine their efficacy. The following
entomopathogenic agents were evaluated for their potential to act as control agents for D. suzukii:
Metarhizium anisopliae; Isaria fumosorosea; a non-commercial coded fungal product (Coded B);
Steinernema feltiae, S. carpocapsae, S. kraussei and Heterorhabditis bacteriophora. The fungi were screened
for efficacy against the fly on fruit while the nematodes were evaluated for the potential to be
applied as soil drenches targeting larvae and pupal life-stages. All three fungi species screened
reduced D. suzukii populations developing from infested berries. Isaria fumosorosea significantly
(p < 0.001) reduced population development of D. suzukii from infested berries. All nematodes
significantly reduced adult emergence from pupal cases compared to the water control. Larvae
proved more susceptible to nematode infection. Heterorhabditis bacteriophora proved the best from the
four nematodes investigated; readily emerging from punctured larvae and causing 95% mortality.
The potential of the entomopathogens to suppress D. suzukii populations is discussed.
Keywords: Drosophila suzukii; biocontrol; entomopathogenic nematodes; fungi; integrated
pest management
1. Introduction
Drosophila suzukii Matsumura originates from Southeast Asia being widely distributed in countries
such as China, India, Korea, Myanmar and Thailand [1–3]. In recent years it has entered many parts
of North America [4,5], South America [6] and Europe [7,8] causing severe economic damage [9].
Drosophila suzukii was first recorded in the UK in 2012 [10]. Though monitoring traps regularly display
its presence across the UK, reports of severe damage have, to date, been restricted to individual fruit
farms [11].
Drosophila suzukii females pierce with an ovipositor that is heavily sclerotized and serrated the
skin of fruits to lay their eggs inside [7,10]. The subsequent larvae then grow and consume the fruit.
Larvae will either remain within the fruit or exit it in order to pupate. It has been estimated that
upwards of 90% and 93% of D. suzukii pupae in raspberry and blueberry crops respectively are found
in the soil surrounding the fruit tree base [12]. Therefore, there is potential for soil dwelling or soil
applied biological agents to target this life stage [13].
Few studies have investigated biological control of D. suzukii [5,14,15]. A range of predatory bugs
including Anthocoris nemoralis, Orius majusculus and O. laevigatus have been shown under laboratory
conditions to offer potential for being incorporated into integrated control programmes as they feed
upon various life stages of D. suzukii [14]. Much work has identified several entomopathogenic fungi
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as important biological control agents of fruit flies [16–19]. Fungi are able to invade actively through
the cuticle of insects which has been cited as an advantage for the management of piercing-sucking
insects [20]. Recent studies have investigated several species of entomopathogenic fungi specifically
against D. suzukii [10,21]. Here, mortality of D. suzukii ranged widely between species of fungus
screened, with no particular species being determined as offering sufficient control. Direct spray
application of fungi onto adult flies did not impact upon them quick enough. The treated flies were
still able to produce another generation of flies before they themselves began to die [10].
Entomopathogenic nematodes from the Steinernematidae and Heterorhabditidae are known to be
able to penetrate and cause the death of many invertebrate pests of economic importance [22,23] and
so form effective alternatives to chemical pesticides [24]. They can be applied, at the infective juvenile
(IJ) stage directly with other biological and/or chemical pesticides, fertilizers and soil amendments and
it is often more economical to tank-mix nematodes with such inputs for application purposes [25,26].
Nematodes such as Steinernema feltiae and S. carpocapsae, have been demonstrated to be effective
in the control of the quarantine leaf miner species Liriomyza huidobrensis on lettuce in commercial
glasshouses [27] and also the sweetpotato whitefly, Bemisia tabaci [28,29]. Much work has also reported
the potential of nematodes against various species of thrips [30–33] and fruit flies in general [18].
Cuthbertson et al. [10] preliminary investigated the use of nematodes specifically against D. suzukii.
Here, following direct dipping of berries in solutions of Steinernematid nematodes no significant
reduction in emergence of D. suzukii populations was recorded. However, it was concluded that this
was probably not the best application of the nematodes against the fly. The nematodes would be better
utilised as ground drenches against larvae/pupae life stages.
The current study investigates a further range of entomopathogenic fungi and nematode species
as potential control agents that could be deployed against D. suzukii. The fungi were screened against
D. suzukii life stages occurring on/emerging from the fruit while the nematodes were screened as
potential soil drenches targeting larvae/pupae life stages that have fallen from the fruit.
2. Materials and Methods
2.1. Source of Insects and Control Agents
The D. suzukii culture originated from specimens collected from infested fruit from northern
Italy [10]. Briefly, collected infested fruit was kept in plastic containers in a controlled environment
chamber (25 ˝C) and emerging flies were collected and identified. They were maintained in bugdorm
culture cages on commercial media (Blades Biological, Cowden, UK) and supermarket purchased organic
blueberries [10]. The entomopathogenic agents used (concentration and supplier) were as follows:
‚ Fungi: Metarhizium anisopliae (1% solution, supplied by Fargo Ltd, Toddington, UK);
Isaria fumosorosea (1% solution) and a non-commercial coded product (Coded B, 50 mL/L) (both
supplied by BASF, Littlehampton, UK).
‚ Nematodes: Steinernema feltiae, S. carpocapsae, S. kraussei and Heterorhabditis bacteriophora (all
applied at 10,000 IJ’s/mL supplied by BASF, Littlehampton, UK).
2.2. Entomopathogenic Fungi Trials
2.2.1. Treating Infested Berries
Following the method of Cuthbertson et al. [10] berries were infested for 72 hours (400 in total) in
bug-dorm cages (280 mmˆ 280 mmˆ 280 mm; Watkins and Doncaster, Leominster, UK) each containing
approximately 400 adult mixed-sex flies. One hundred blueberries (10 replicates of 10 berries) were
selected at random per treatment. Following full emersion (placing of the berries in the solution
for 5 s) in manufacturers’ recommended formulations of the treatment products the berries were
incubated in 10 cm diameter plastic deli pots with ventilated lids in a controlled environment (CE)
cabinet for 10 days at 25 ˝C, 65% r.h. and 16:8 L:D. Following this all larvae, pupae and adult flies were
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counted. Berries were also dissected under a light microscope to fully determine the presence of any
larvae. Equal numbers of berries dipped in water acted as controls.
2.2.2. Treating Uninfested Berries
Again, following the method of Cuthbertson et al. [10], the potential of the fungi to reduce
D. suzukii population numbers by treating clean berries and then exposing them to adult flies was
investigated. The berries (100 per treatment; 10 replicates of 10 berries) were first dipped in the
standard dose rates of the fungal products (as above). They were then placed in 9 cm diameter Petri
dishes (10 berries per dish). Berries dipped in water acted as controls. The Petri dishes were then placed
into 10 cm diameter plastic deli-pots with ventilated lids. Ten adult D. suzukii (5 male and 5 female
approximately 10 days old) were then introduced to the berries (while still wet) contained within
the deli-pots. All were maintained in a CE cabinet at 25 ˝C, 65% r.h. and 16:8 L:D. Mortality of the
introduced adult flies was assessed over the following week after which all were removed from the
berries. The berries were incubated at 25 ˝C for a total of 10 days after which adult fly emergence was
determined. Following this, the berries were dissected and examined for presence of any remaining
larvae and/or pupae development.
2.3. Entomopathogenic Nematode Trials
Potential for Soil Drenching
Following a modified version of the methodology employed by Cuthbertson et al. [34], the potential
of using the nematodes as soil drenches against D. suzukii pupae was investigated. Briefly, 9 cm
diameter Petri dishes were filled with 4% v/v of fine commercial children’s play sand (sterilized
via heat treatment). Ten D. suzukii pupae (approximately 3 days old) were placed on top of the
sand. Individual nematode species solution was added containing a concentration of 10,000 IJ/mL
over the Petri dish surface. The Petri dishes were placed into 10cm diameter plastic deli-pots with
ventilated lids and placed in CE cabinets at 20 ˝C, 85% r.h. and 6:18 h D:L (dark following application
of nematodes [35]). There were 6 replicates for each nematode species (60 D. suzukii in total). Pupae on
dishes treated with an equal volume of water acted as controls. Dishes were incubated for 14 days and
emergence of D. suzukii adults recorded. The experiment was repeated by placing D. suzukii larvae on
sand (approximately 3 days old). The dishes were again incubated for 14 days following which the
emergence of adult D. suzukii was assessed.
2.4. Data Analysis
Data were statistically analyzed as appropriate. Treatments were compared against controls.
Assuming normality and constant variance, Analysis of Variance (ANOVA) was used to test for any
significant difference.
3. Results and Discussion
The current study has added to the knowledge base [10,21] concerning what species of
entomopathogenic fungi and nematodes can infect and induce mortality of D. suzukii. However,
as individual agents, they may not be enough to control fly populations.
All three fungi species reduced D. suzukii developing in infested berries compared to the water
control (p < 0.01). Isaria fumosorosea significantly (p < 0.01) suppressed population development of
D. suzukii compared to the other fungi species (Figure 1). Following 7 days, mortality of initial adult
flies exposed to the berries was recorded (Figure 2). The non-commercial Coded product caused the
highest mortality (49%). Fungal growth was noted on adult flies after 7 days (Figure 3). Pre-treating the
blueberries with the fungi and then exposing them to adult D. suzukii had a lesser impact on resulting
population development suppression (Figure 4).
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Figure  1. Number  of  surviving Drosophila  suzukii  life  stages  from  infested  berries  10  days  after 
exposure to dip‐treatment. Bars are standard errors (±SEM) of the mean. 
 
Figure 2. Mortality of adult Drosophila suzukii following 7 days exposure to fungi treated berries. Bars 
are standard errors (±SEM) of the mean. 
 
Figure 3. Adult Drosophila suzukii infected with entomopathogenic fungi (Isaria fumosorosea) (photo: 
Fera©, Sand Hutton, York, UK). 
Figure 1. Number of surviving Drosophila suzukii life stages from infested berries 10 days after exposure
to dip-treatment. Bars are standard errors (˘SEM) of the mean.
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Figure 2. Mortality of adult Drosophila suzukii following 7 days exposure to fungi treated berries.
Bars are standard errors (˘SEM) of the mean.
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Larvae proved more susceptible to nematode infection (Figure 6). Greater than 50% mortality 
was achieved by all nematode  species. Heterorhabditis  bacteriophora proved  the best  from  the  four 
nematodes  investigated;  readily  emerging  from punctured  larvae  (Figure 7). Approximately 95% 
larval mortality was obtained with H. bacteriophora, significantly higher  than  that obtained  for  the 
other nematode species (p < 0.05). The susceptibility of insects to nematode control agents generally 
declines with increases in insect size. This has been demonstrated with mermithid nematodes against 
mosquito larvae [41] and Bemisia tabaci larvae [29,42]. Only one D. suzukii larval stage (2nd instar) 
was  investigated  in  this  study;  perhaps  younger  instar  larvae  of D.  suzukii may  be  even more 
Fig re 4. ber of s r i i g rosophila suzukii life stages 10 ays after a 7- ay ex os re it a lt
flies to treated berries. Bars are standard errors (˘SE ) of the ean.
Ento opathogenic fungi, ainly B. bassiana and . anisopliae, are kno n to be highly virulent
against the editerranean fruit fly and can infect adults, larvae or pupae via different routes of
exposure [36–40]. In addition, I. fu osorosea has also been sho n to be virulent for the editerranean
fruit fly [36]. Both M. anisopliae and, in particular, I. fumosorosea proved efficient at suppressing
D. suzukii population development in the current study. Both fungi also caused ě40% mortality
within 7 days upon contact with adult flies.
The ne atodes all had an impact on survival of both pupae and larvae of D. suzukii. All nematodes
significantly reduced adult emergence from pupal cases compared to the water control (p < 0.001)
(Figure 5), proving that the nematodes can infect D. suzukii pupae. Steinernema kraussei caused
significantly higher pupal ortality co pared to the other ne atode species (p < 0.05).
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against mosquito larvae [41] and Bemisia tabaci larvae [29,42]. Only one D. suzukii l rval stage (2nd
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instar) was investigated in this study; perhaps younger instar larvae of D. suzukii may be even more
susceptible. The nematode induced mortalities in this study are much higher than those obtained by
Woltz et al. [43] who stated that they found little evidence supporting the use of nematodes against
D. suzukii. This may simply be due to the higher concentration of nematodes used in the current
study. Woltz et al. [43] stated that neither H. bacteriophora nor S. carpocapsae were found to infect
D. suzukii larvae or pupae in either blueberries or diet media; similar to what Cuthbertson et al. [10]
determined. Again, demonstrating that the nematodes do not work well on being applied to fruit, and
as shown from the current study, they perform much better against larvae and pupae when applied as
a soil drench.
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The development of an integrated pest management strategy using the nematodes and fungi
offers one alternative to complete reliance on chemical products for the control of D. suzukii. However,
information on their respective compatibility with chemicals routinely used against D. suzukii is
essential in order to offer complete control of the fly. Further work is necessary to fully determine their
potential to be incorporated into a management programme.
. Conclusions
il suzukii is not only a threat to the UK but the worldwide soft fruit industry. All potential
c ntrol/eradication meth ds and components must be fully evaluat d. The biological a ents (fu gi
and nematodes) investigated all caused reductions in population n mbers of D. suzukii. In particular,
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both the fungus I. fumosorosea and the nematode H. bacteriophora offer much potential to be incorporated
into control strategies to be employed against D. suzukii. However, although they should prove easy to
incorporate into existing invertebrate control programmes, as shown for previous entomopathogens in
other pest control strategies [44], individually they are unlikely to control/eradicate populations.
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